Background-Severe injury results in intestinal barrier dysfunction that may be responsible for significant morbidity and mortality. We postulated that mining a peptide library that was displayed on phage would identify peptide sequences that bind and internalize into the gut epithelium following injury.
inflammatory mediators are then carried through the mesenteric lymph to the systemic circulation resulting in neutrophil activation and distant organ injury. 7, 8 Phage display is an extremely powerful molecular technique that is used to identify functional targeting ligands and their corresponding receptors. This approach allows diverse libraries of peptide sequences to be displayed by utilizing the bacteriophage M13. This technique allows a single peptide sequence to be displayed on a single phage and allows for in vivo biopanning of a large number of peptide sequences. Phage display has been used to identify cell targeting ligands by screening phage libraries both in vitro and in vivo, and can lead to the identification of organ-specific ligands. [9] [10] [11] The ability to select peptide sequences that bind to, and are internalized into, the intestinal epithelial cell may prove useful for the delivery of biotherapeutics directly to the site of gut injury. 12 We postulated that by utilizing in vivo phage display, we would identify peptide sequences that would internalize into the intestinal epithelial following severe injury. After the identification of candidate peptide sequences was achieved, we confirmed their uptake by the intestinal mucosa following injury using confocal microscopy imaging. This sequence may allow for targeted therapies designed to attenuate inflammation, or other pathologic conditions of the small bowel frequently seen in clinical practice such as inflammatory bowel disease and necrotizing enterocolitis.
MATERIALS AND METHODS

Animal model of severe injury
We used a 30% total body surface area (TBSA) steam burn in male balb/c mice (Jackson Laboratory, Sacramento, CA) weighing 20-25 grams (7-9 weeks old) as a model of severe injury. Briefly, mice were placed under general anesthesia using inhaled isoflurane. The dorsal fur was removed using an electronic clipper. A template was made to estimate a 30% TBSA burn. While under general anesthesia, the mice were placed in the template and subjected to a steam burn for 7 s. Immediately following the burn, animals received a subcutaneous injection of 1.5 ml of normal saline with buprenorphine in a non-burned area. Animals were then returned to their cage to recover from anesthesia. Sham animals were placed under anesthesia, underwent dorsal fur removal, and received an injection of buprenorphine, but were not burned. Following the procedure, animals were provided food and water ad libitum. These experiments were approved by the University of California Animal Subjects Committee and are in accordance with guidelines established by the National Institutes of Health.
Preparation of phage library
Ph.D-12 Phage Display Peptide Library Kit (Cat. # E8110S; New England Biolabs, Inc., Cambridge, MA) was used in repeated rounds of bio-panning with isolated intestinal mucosal cells from mice 2h post-burn. Cells were washed with either Trypsin/EDTA or "acid wash" Glycine buffer pH 2.0. Phage were amplified and incubated with isolated intestinal mucosa from animals 2h following severe burn.
Screening for candidate peptide sequences
Peptide sequences were "blasted" for protein homology and tissue specificity using Peptide Blast on Pubmed. Candidate sequences were selected for further screening using these criteria. Six more sequences were chosen on the basis of similarity to the transmucosal transport (TMT) 7-peptide phage sequence (YPRLLTP) described by Duerr et al. 13 The phage bearing the fusion peptide were amplified and titer determined by serial dilution plating on E. coli.
Ex vivo staining for peptide sequences
Distal ileum from animals 2 h post-burn was excised and mounted in optimal cutting technique (OCT; Sakura Finetek, Torrance, CA) media and immediately frozen at −80°C. Ten micron sections were cut and fixed to slides with 3.7% paraformaldehyde (Electron Microscopy Series, Hatfield, PA), blocked with 3% bovine serum albumin (BSA) and rinsed in PBS. Each of the candidate phage were diluted to 1 × 10 7 /μl in 1% BSA and incubated at room temperature on the fixed tissue for 1 h. The tissue was rinsed with PBS and preincubated with goat anti mouse F(ab′), then for 1 h with anti-M13 (RL-ph1, SCBT sc-53004). After PBS rinse the anti-mouse Alexa Fluor 488 (Invitrogen, Carlsbad, CA) was used for secondary label and the tissue evaluated under an Olympus Fluoview FV1000 (Olympus, Melville, NY) laser scanning confocal microscope for the best set of candidates for in vivo screening.
In vivo screening of fusion peptides displayed on phage
Intestinal injection of peptide sequences-Two h following burn, animals were once again placed under general anesthesia using inhaled isoflurane. A midline laparotomy was performed. The distal small intestine was exposed. Four consecutive segments of small intestine were isolated using silk suture, with each segment of bowel measuring 2 cm. A 200 μl solution at 1 × 10 7 particles/μl of T18 phage (LTHPQDSPPASA), TMT phage (YPRLLTP), empty vector, or PBS was injected intraluminally into its own segment of bowel. The intestine was then returned to the abdominal cavity and the skin was sutured closed. The animal was maintained under general anesthesia until 30 min following intraluminal injection at which time the laparotomy incision was re-opened. Each segment of small intestine was removed and a PE-10 catheter was inserted into the lumen of the intestine and secured with a silk suture. The segment of bowel was then placed in an Eppendorf tube on ice for further analysis.
Washing tissue with Trypsin/EDTA-Bowel segment catheters attached to tubing were washed at 4°C using a peristaltic pump delivering 1.5-2 ml/min to each of the 4 segments for 10 min. The input solution was changed to Trypsin/EDTA (Gibco 25200) for 10 min longer and then switched back to PBS for a final 10 min. These tissue segments were then placed in Eppendorf tubes, quick frozen at −80°C, and the wet weight determined.
Purification of phage DNA from tissue-Tissue was ground for 30 s using a tissue grinder in 200 μl, 50 mM glucose, 25mM Tris-Cl, pH 8, 10mM EDTA, 400 μl 0.2M NaOH, 1% (w/v) sodium dodecyl sulfate, and mixed on a rotator at 4°C for 30 min. Reactions were neutralized with 3 mol/L potassium acetate, and 2 mol/L acetic acid, pH 4.0, and placed on the rotator for 15 min at 4°C. Samples were then spun at 10,000 × g for 20 min and the supernatant transferred to new tubes (750 μl). DNA was precipitated with 750 μl isopropyl alcohol and the pellet dried. The pellet was reprecipitated using sodium iodide and ethanol, dried, and resuspended in 20 μl tris-EDTA buffer or RNAse/DN-Ase free water.
Polymerase chain reaction-Amplification of the Phage DNA from tissue (0.5 μl) was amplified by relative polymerase chain reaction (Invitrogen Platinum Blue PCR Supermix) and by quantitative PCR (Bio-Rad iQ Sybr Green Supermix; 170-8880) to visualize and quantitate the number of phage particles per milligram tissue. Briefly, the acid precipitated DNA solution for each tissue was diluted serially 10-fold over 4 magnitudes and compared to the known titer for the TMT phage standard curve starting at 1 × 10 5 . The number of particles per milligram protein was then calculated.
Peptide synthesis and conjugation to quantum dot (Qdot) nanospheres-The conjugation of the peptide sequence to Qdots was modified from the protocol described by Cai et al. 14 Qdots (250 μl Qdot 705; Invitrogen) were mixed with 2 μmol 4-Maleimidobutyric acid N-succinimidyl ester in 10 mM Borate buffer at pH 8.5. The Qdot mixture was then incubated at room temperature for 1 h with gentle shaking. The mixture was then loaded into an NAP-10 column with PBS. The deepest colored fraction was removed and used for conjugation to the candidate peptide sequence by adding 0.5 μM of the T18 sequence. The T18-Qdot conjugates were then injected into the lumen of the intestine of animals following burn as previously described. Unconjugated Qdots were injected into segments of intestine following injury as a control.
Confocal microscopy of Qdot internalization-Thirty min following intestinal injection of the Qdot-peptide conjugate, segments of bowel were harvested and washed with Trypsin as previously described. Segments of intestine were placed in OCT media and stored at −80°C. Sections of intestine were cut 60μm thick using a Reichert-Jung Cryocut 1800 (Reichert Microscopes, Depew, NY) and placed on glass slides. Images were viewed using an Olympus Fluoview FV1000 laser scanning confocal microscope at 20 × magnification.
RESULTS
Identification of candidate peptide sequences
A total of 3 rounds of phage screening resulted in 32 candidate 12-amino acid peptide sequences (Fig 1) . Our list of candidate sequences was further narrowed by evaluating protein homology and tissue specificity using Peptide Blast on Pubmed.
Ex vivo staining for candidate peptide sequences
Candidate peptide sequences were further screened for gut specificity by performing ex vivo staining for the phage M13 coat protein on sections of distal ileum harvested 2 h following injury. Confocal microscopy images indicated that sequence T18 and AS8 had the strongest staining pattern, with the T18 sequence (LTHPQDSPPASA) showing the best gut specificity of the analyzed candidate sequences (Fig 2) . The T18 protein sequence was therefore chosen for further in vivo screening.
Polymerase chain reaction after in vivo screening
Quantitative PCR was performed on intestinal extracts following in vivo screening of peptide-phage internalization in animals 2 h following burn and sham. The T18-phage was internalized into the intestinal epithelium following injury, with 18,281 particles/mg tissue measured by quantitative PCR (Fig 3, A) . There were 16,226 particles/mg of the TMT sequence (YPRLLTP) measured from the intestinal epithelium following burn. In sham animals, there were 38,591 particles of T18-phage/mg tissue compared to 109,178 particles of TMT-phage/mg tissue (Fig 3, B) . There was minimal internalization of untargeted phage, which did not express any peptide sequence. This data is representative of in vivo phage screening using the highest dose of phage injected into the intestinal lumen following injury. There is increased uptake of the peptide bound phage in sham compared to burn, which is not surprising because the injured mucosa likely has decreased ability to internalize the peptide sequence due to mucosal injury. However, the T18-phage is internalized in large numbers into the injured gut mucosa and is a viable candidate for targeting the intestinal epithelium.
DNA sequencing of internalized peptide sequence
In order to confirm that the T18-phage was recovered and measured by PCR, we performed DNA sequencing using the DNA extracts taken from intestinal tissue harvested following post-injury in vivo screening. DNA sequencing confirmed that the T18 peptide sequence targeted the intestinal mucosa, was internalized into the epithelial cell, and successfully harvested (Fig 4) .
Confocal microscopy of Qdot internalization
To better visualize internalization into the gut mucosa we utilized Qdot imaging with a confocal microscope. Qdots are nanoparticles that emit fluorescence and can be conjugated to various oligonucleotides. The T18 sequence was conjugated to Qdots and injected in vivo into the intestinal lumen of animals 2 h following severe burn. Thirty min after the injection of the T18-Qdot conjugate, the distal ileum was harvested, washed, and sectioned for confocal microscopy. Unconjugated Qdots were injected into the intestine of animals following burn as a control. Sections of gut were also stained with LYVE-1, an antibody specific for lymphatic endothelium, to evaluate for co-localization within the gut mucosa.
Confocal microscopy shows internalization of the T18-Qdot conjugates into the intestinal mucosa following severe burn (Fig 5) . The T18-Qdot conjugates appear to localize near the tips of the intestinal villi. There is clear co-localization with the LYVE-1 antibody, suggesting that the T18 sequence may have some specificity for the intestinal lymphatics. Images of unconjugated Qdots show minimal fluorescence signal from within the gut mucosa.
DISCUSSION
Gut injury following severe injury is believed to be the source of the systemic inflammatory response (SIRS), which can cause distant organ injury and multiple organ failure. Gut injury results in serious morbidity and mortality in medical conditions such as inflammatory bowel disease, 15 necrotizing enterocolitis, 16 severe burn, 17 and colitis, 18 due to tight junction breakdown and the resultant intestinal inflammatory response. Therefore, the ability to effectively target the intestinal mucosa to deliver biotherapies in an attempt to prevent gut injury or speed barrier healing could be of powerful clinical utility.
The question of how to prevent gut barrier breakdown or restore barrier integrity in a timely manner after injury is of paramount clinical significance. There is currently no capacity to target the gut barrier with either drugs or substances that would promote either rapid restoration of the damaged gut barrier or, if administered early after the initial insult, would attenuate gut dysfunction and subsequent inflammatory response. In order to be effective, biotherapeutics must be delivered to the cells of the intestinal wall in sufficient quantities to achieve the desired effect. This can be increasingly difficult during acute injury when intestinal perfusion is decreased, thus making delivery of systemically administered therapeutics challenging.
Phage display is a powerful combinatorial technique aimed at identifying target specific peptides that can bind to various cell types. 19 Phage-based vectors can be used to identify peptides that can perform targeted delivery of genes, antibiotics, medications, or other biotherapeutic strategies. 20 This phage display technique identifies receptor-ligand systems that offer the ability to deliver targeted therapies locally, possibly limiting the effects of clearance, compromised blood flow, and systemic side effects. Phage display has been used to identify peptide sequences that target internalization into various cell types and has been studied experimentally in the treatment of numerous medical conditions including lung cancer, 21 leukemia, 22 and neurologic disease. 23 While phage display has been studied for targeting inflammatory intestinal mucosa in the setting of inflammatory bowel disease, 24 little investigation has occurred in the setting of severe trauma and burn. Here, we target the injured intestinal epithelium 2 h following 30% TBSA burn, a time point at which we have previously shown changes in tight junction protein expression and increased permeability to small molecular weight (4 kilodalton) probes. 17, 25 In this study we identified a 12-amino acid sequence protein that binds to and is internalized into the injured epithelium after severe injury. Duerr et al 13 have previously identified a 7-amino acid sequence protein, TMT, which also internalizes into healthy gut mucosa. The ability to target injured mucosa after serious injury has important clinical implications, because injured mucosa likely results in differential ability to recognize various amino acid sequences. We have not only demonstrated recovery of our T18 peptide sequence by PCR, but also confirmed its internalization by performing DNA sequencing of the mucosal extracts. The DNA sequencing confirmed that our T18 peptide was internalized into the mucosa and extracted for PCR analysis, and serves as a powerful confirmation of our analysis. We also demonstrated that we are able to bind a reporter to our T18 peptide sequence. This is important because the ultimate goal of this peptide sequence would be to deliver a payload, either a drug or growth factor, into the intestinal epithelial cell.
Fluorescent nanoparticles known as quantum dots (Qdots) were bound to the T18 sequence in order to image the localization of the peptide within the gut. These Qdot conjugates allowed us to visually track the location of the T18 sequence using a confocal microscope. We were able to clearly visualize the Qdot-T18 conjugate within the gut mucosa following burn injury. Interestingly, we noted that the Qdot-T18 conjugate co-localized with an antibody specific for lymphatic endothelium (LYVE-1). These images seem to indicate that the T18 sequence may have affinity for the intestinal lymphatics; however, further studies are needed to fully elucidate the characteristics of this gut targeting peptide.
Burn-induced gut injury has been linked to intestinal barrier injury and may be the source of SIRS and distant organ injury. While intestinal injury is common to many common medical conditions, our ability to directly target the gut with therapeutics is limited. Ideally, drugs or growth factors could be targeted directly to the intestinal mucosa, where these therapies could be delivered to specific cell types at the site of injury. In the present study, using a burn insult as a model of severe injury, we identified a 12-amino-acid peptide sequence that binds and internalizes into the intestinal mucosa. This sequence may allow for targeted therapies designed to attenuate intestinal dysfunction following severe injury, inflammation, or other pathologic conditions of the small bowel frequently seen in clinical practice such as inflammatory bowel disease and necrotizing enterocolitis. Candidate peptide sequences from screened phage clones. A total of 32 unique candidate 12-amino acid sequences were identified. Ex vivo staining of intestinal sections to screen candidate peptide sequences. Candidate peptide sequences were incubated with fixed intestinal specimens from burned animals. Sections were then stained with anti-M13, which recognizes phage and DAPI. Positive staining was seen in candidate sequences T18 (LTHPQDSPPASA) and AS8 (NPNLNTRVLVTG). Empty phage bearing no peptide sequence was used as a control. Quantitative PCR of intestinal extracts from in vivo phage screening. Quantitative PCR of the T18 sequence (LTHPQDSPPASA) was compared to empty phage bearing no peptide sequence, PBS, and the previously published 7-peptide TMT sequence (YPRLLTP). (A) Quantitative PCR of intestinal mucosa from animals 2 h following severe cutaneous burn. (B) Quantitative PCR of intestinal mucosa from sham animals. DNA sequencing of PCR product obtained from in vivo phage screening. (A) DNA sequence of the peptide-phage conjugate recovered from intestinal mucosa of animals 2 h following severe burn. (B) Translation of the DNA sequence obtained yields an mRNA sequence which would yield the T18 peptide sequence (LTHPQDSPPASA) confirming that the T18-phage was internalized into the intestinal mucosa and recovered. Confocal microscopy of candidate peptide sequence conjugated to Quantum Dots (Qdots). Sections of distal small intestine obtained from animals 2 h following severe cutaneous burn after in vivo exposure to intraluminal Qdot-T18 conjugates or Qdots alone. Fluorescence from Qdots viewed using a laser scanning confocal microscope. Intestinal sections also stained for LYVE-1, an antibody specific for lymphatic endothelium. The T18-Qdot conjugate allows for visualization of internalization of the T18 sequence into burn-injured intestinal mucosa. The T18 sequence co-localizes with the LYVE-1 antibody suggesting affinity for the intestinal lymphatics. Size bar = 50μm.
